The skeletal ciliopathies are a heterogeneous group of disorders with a significant clinical and genetic variability and the main clinical features are thoracic hypoplasia and short tubular bones. To date, 25 genes have been identified in association with skeletal ciliopathies. Mutations in the KIAA0753 gene have recently been associated with Joubert syndrome (JBTS) and orofaciodigital (OFD) syndrome. We report biallelic pathogenic variants in KIAA0753 in four patients with short-rib type skeletal dysplasia. The manifestations in our patients are variable and ranging from fetal lethal to viable and moderate skeletal dysplasia with narrow thorax and abnormal metaphyses. We demonstrate that KIAA0753 is expressed in normal fetal human growth plate and show that the affected fetus, with a compound heterozygous frameshift and a nonsense mutation in KIAA0753, has an abnormal proliferative zone and a broad hypertrophic zone. The importance of KIAA0753 for normal skeletal development is further confirmed by our findings that zebrafish embryos homozygous for a nonsense mutation in kiaa0753 display altered cartilage patterning.
genes, coding for cilia or basal body structural proteins and intraflagellar transport proteins, have been identified in association with skeletal ciliopathies and the number of genes causing these conditions keeps growing 2, [4] [5] [6] [7] [8] [9] .
In 2010, Lehman et al. observed overlapping features between non-skeletal ciliopathies such as Joubert syndrome (JBTS [MIM:213300]) and short-rib thoracic dysplasia (SRTD [MIM:208500]) in three families. It was suggested that the cause is a mutated ciliary gene coding for a protein important for both skeletal and cerebellar development 10 . KIAA0753 protein has been identified as a centrosome component involved in centriole duplication and interacting with other centrosomal proteins [11] [12] [13] . Pathogenic variants in KIAA0753 have recently been found in association with JBTS 14 and orofaciodigital syndrome (OFD15 [MIM:617127]) 12 .
In this study, we report four patients with skeletal dysplasia and features of JBTS having novel deleterious variants in KIAA0753. They present with variability in the severity of the skeletal abnormalities ranging from prenatal lethality in one fetus to viability with moderate skeletal dysplasia in three children. In addition two of our patients showed brain abnormalities consistent with JBTS. Examination of the distal femoral growth plate of the affected fetus showed an abnormal proliferative zone. Zebrafish knockout model with homozygous nonsense variants in the kiaa0753 gene show classic ciliopathy phenotype with cartilage abnormalities and curved body seen in other ciliopathy models 15 and abnormal head morphology due to altered cartilage patterning and lethality at early developmental stages. These findings resemble our patients' pathology and demonstrate the importance of KIAA0753 in skeletal as well as brain development.
Results
Patients' Reports. Patient 1 . Patient 1 (P1) is a 6-year-old girl born to a consanguineous healthy Iranian couple (V:3; Fig. 1a ), following an uncomplicated pregnancy with an elective Cesarean section delivery at 39 weeks gestation. The birth measurements were normal ( Supplementary Table S1 ). Generalized tonic-clonic seizures were noted in the newborn period and treated with Clonazepam. At 20 months of age, she had disproportional short stature with severe genu varum, relatively large head, depressed nasal bridge and low set ears. Her thorax was narrow and abdomen was slightly prominent, but no hepatosplenomegaly was found. She had delayed motor development (sitting unaided at 1 year; walking at 3 years of age). On follow-up at 6 years she had teeth hypoplasia, pectus excavatum, rhizomelic shortening of the limbs and flexion contractures of the elbows, knee and hips ( Fig. 1c) . Her vision and hearing were normal. Skeletal survey showed severe metaphyseal dysplasia and cone-shaped epiphyses of the proximal tibia and distal femur embedded in cup-shaped metaphyses ( Fig. 2a-c ). Phalangeal and metacarpal epiphyses were also cone-shaped and the metacarpals and phalanges were short (Fig. 2i ). The spine and skull were unremarkable. Neurology examination showed moderate mental retardation and hypotonia. Blood samples including evaluation of the endocrine, liver and renal functions and urinary mucopolysaccharides were all normal, as well as abdominal ultrasound and echocardiography. Brain magnetic resonance imaging (MRI) showed hypoplasia of the corpus callosum, small pituitary gland, inferior vermis dysplasia, "molar tooth" sign (MTS) and mildly dilated third ventricle ( Supplementary Fig. S1 ). Patient 2. Patient 2 (P2) is first cousin of P1 and the first child born to a healthy consanguineous Iranian couple (V:2; Fig. 1a ). She was born by an elective Cesarean section following an uncomplicated pregnancy at 39 weeks gestation. Her birth measurements were normal ( Supplementary Table S1 ). A few episodes of generalized tonic-clonic seizures in the newborn period were treated with phenobarbital. She had disproportionate short stature with genu varum at 24 months of age. Investigations including liver and renal functions were normal. At her last follow-up at 6 years of age, she had similar clinical and radiographic features to her cousin, including teeth hypoplasia, skeletal dysplasia and psychomotor and speech delays (Figs 1d and 2d-f,j, Table 1 ). Brain MRI showed hypoplasia of the corpus callosum, a small pituitary gland, inferior vermis hypoplasia, MTS and mildly dilated lateral ventricles ( Supplementary Fig. S2 ).
Patient 3. Patient 3 (P3)
is the first offspring born to a consanguineous couple of Indian descent. He has a healthy younger sister ( Fig. 1b) . He was born at term following a normal pregnancy and delivery with normal birth weight and was seen initially in the clinic at the age of 6 years and 3 months for respiratory difficulties due to bilateral pneumonia. He had disproportionate short stature ( Supplementary Table S1 ), speech delay, pectus carinatum, narrow chest, protuberant abdomen and short limbs (Figs 1e and 2g,h,k, Table 1 ). The skeletal phenotype resembled that of P1 and P2. Echocardiography revealed pulmonary hypertension. His hearing, ocular fundi and vision were normal. Abdominal ultrasonography showed mild hepatomegaly. Brain computed tomography scan was unremarkable. His complete blood counts, blood, biochemical studies and urinalysis were unremarkable. He succumbed due to respiratory failure following a respiratory infection, at the age of seven years.
Patient 4. The parents of the affected fetus (P4) were healthy, non-consanguineous and of Italian origin ( Fig. 3a) . Fetal ultrasound at 19 weeks gestation showed short limbs, narrow chest, prominent abdomen, cerebral ventriculomegaly, suspected defect in the cerebellar vermis and mild pelviectasis. The parents chose to terminate the pregnancy and the fetal autopsy showed macrocephaly, wide open anterior and posterior fontanels, high forehead with frontal bossing, micrognathia, low-set and posteriorly rotated left ear, small nose with a broad nasal bridge, long philtrum, normal lips and palate, short lingual frenulum, short and bowed limbs, brachydactyly, micropenis and hypospadia ( Fig. 3b,e ). There were no internal malformations and the brain autopsy showed a relatively large brain (corresponding to 21-22 GA) and presence of germinal matrix excrescences. The eye histopathology was normal. Fetal radiography showed narrow thorax, trident ilia with spikes at the sacrosciatic notches and short bowed humeri, femora, tibiae, radii and ulnae ( Fig. 3c,d ). The fetal karyotype was normal male (46,XY) and array-CGH was normal. The findings on autopsy and radiography are summarized in Table 1 and Supplementary  Tables S1 and S2 . Mutation analysis. Exome sequencing was performed on all patients (statistics of exome sequencing summarized in Supplementary Table S3 ). Pathogenic variants in KIAA0753 (NM_014804.2) were found in all four affected individuals. In family 1 and 2, all three affected patients were homozygous for a nonsense mutation, c.970 C > T (p.Arg324*); and in family 3, the affected fetus was compound heterozygous for a nonsense variant c.943 C > T (p.Gln315*) and a 1-bp deletion, c.1271del (p.Pro424Hisfs*9). Sanger sequencing confirmed the variants, which segregated in an autosomal recessive mode of inheritance ( Table 2 and Supplementary Fig. S3 ). The variants identified in our cohort are submitted in the ClinVar database (accession numbers SCV000580715, SCV000580733 and SCV000580734). Haplotype analysis shows that a founder event is unlikely between family 1 and 2, and that the variant in KIAA0753 is a recurrent mutation ( Supplementary Table S4 ). In P1 and P2 of family 1, a homozygous missense variant, c.425 C > T (p.Thr142Met), in SLC13A5 (NM_177550.4) was detected. This variant was not present in P3 or P4.
Abnormal growth plate morphology and absent KIAA0753 expression in the affected fetus.
Hematoxylin-eosin staining of the distal femoral growth plate from the control ( Fig. 4a ) and affected fetus ( Fig. 4b ) showed absence of normal columns in the proliferative zone and poorly organized broad hypertrophic zone in the affected fetus. Immunohistochemistry showed that KIAA0753 was expressed in the proliferative zone of normal control fetus ( Fig. 4e ,f), but absent in the corresponding cells from the affected fetus ( Fig. 4h ,i). Chondrocytes were also positive for KIAA0753 expression in the hypertrophic zone in the normal fetus, but the hypertrophic zone of the affected fetus detached during the antigen retrieval procedure repeatedly. GAPDH was used as a positive control for the immunohistochemistry for the normal fetus ( Fig. 4c ) and affected fetus ( Fig. 4d ).
Expression of mutant kiaa0753 in zebrafish results in abnormal head and body morphology.
We used the zebrafish model to confirm the role of kiaa0753 in ciliopathy and skeletal dysplasia. In silico protein sequence comparison showed that the human and zebrafish orthologues have 60.4% similarity. To evaluate the role of kiaa0753 in skeletal morphogenesis, a commercially available mutant line (sa22657 from EZRC) with a nonsense mutation resulting in truncated Kiaa0753 protein was used. Adult zebrafish were maintained in heterozygosity since homozygosity for the nonsense mutation in kiaa0753 is lethal, with larvae not surviving beyond the first week. Genotype analysis of individual larvae showed that heterozygous larvae (sa22657 wt/mut ) for the mutation in kiaa0753 were phenotypically normal ( Fig. 5a ), while homozygous embryos (sa22657 mut/mut ) presented with curved body as early as 2 days post fertilization (dpf) (Fig. 5b) , a feature that is consistent with a cilia defect.
The kiaa0753 mutants develop skeletal abnormalities. Since all four patients had skeletal dysplasia, we analyzed the cartilage structure in the developing zebrafish larvae and observed dysmorphology of the head of the homozygous mutant larvae (Fig. 5c,d) . At 5 dpf, larvae were stained with a proteoglycan-staining dye, alcian blue.
Overall, the structures of the skull were compressed in the anterior-posterior axis when compared to wild-type siblings (Fig. 5e,f) . To quantify the differences, we compared the ventral head structure and measured the cartilage pattern in the zebrafish larvae head (7 measurements/larvae, according to scheme in Fig. 5g ). We found that most cranial structures of the mutant larvae (n = 11) were significantly shorter than those of the wild-type siblings (n = 14, measurements 1-3, 5, and 6, p < 0.01), and that the most anterior part of the head was wider than wild-type larvae (measurement 7, Fig. 5h ). These results support the involvement of KIAA0753 in the morphogenesis of the cranial bones. 
Discussion
We report, for the first time, that mutations in the KIAA0753 gene cause skeletal dysplasia with narrow thorax and metaphyseal widening with limb bowing. In P4, the condition was lethal with skeletal changes including thorax hypoplasia and bowed limbs, while in the other three patients (P1-3), the phenotype included short stature, metaphyseal dysplasia with limb deformities, brachydactyly, developmental disability and features of Joubert syndrome. Previously, biallelic deleterious variants in KIAA0753 were reported in a patient with orofaciodigital syndrome (OFD) type 6 (OMIM currently classified as OFD15 [MIM:617127]) 12 and in two siblings with JBTS 14 . None of the clinical reports include skeletal dysplasia as a feature in their patients. The previously reported patients with JBTS were short (height at −3.3 and −3.7 z-scores, respectively, before growth hormone (GH) treatment), but no details were available regarding their skeletal features. These patients had GH deficiency and were successfully treated with GH 14 . (e,f) To quantify the phenotype, alcian blue staining was performed in wild-type and mutants, respectively; (g), and cartilage patterning was quantified according to scheme; (h) Statistical analysis showed that measurements 1-3 and 5-7 showed a significant difference between wild-type and mutant larvae (*p < 0.01) (mutant, n = 11; wild-type, n = 14). P1-3 in our study had developmental delay and brain abnormalities as in JBTS, which is consistent with previous report. The features of the affected fetus in our study resemble the facial dysmorphism reported by Chevrier et al. in the OFD patient (see Supplementary Table 1 ). Our patients with skeletal abnormalities seem to be the most severe end of KIAA0753-related congenital syndrome with combination of skeletal dysplasia and JBTS.
The differential diagnoses for the condition of our patients include other skeletal ciliopathies with metaphyseal involvement, such as: axial spondylometaphyseal dysplasia (SMDAX [MIM:602271]), Mainzer-Saldino syndrome (SRTD9 [MIM:266920]) and OFD syndrome type VI (OFD6 [MIM:258860]). The first two conditions are phenotypically excluded by lack of retinal degeneration and less conspicuous signs of metaphyseal dysplasia in the tubular bones. SRTD9 is also excluded because of lack of renal dysplasia and cerebellar ataxia in our patients. The broad metaphyses overlap with OFD6, but the absence of polydactyly and presence of mesomelic bowing of long tubular bones in our patients excludes this diagnosis. The cupped metaphyses and cone-shaped epiphyses of knees with brachydactyly in patient 1 and 2 raised the possibility of acroscyphodysplasia (MIM:250215); however, this condition has recently been found to be associated with mutations in the GNAS locus 16 and our patients did not have disease causing variants in the GNAS gene, nor in the genes responsible for the other above mentioned differential diagnoses. Furthermore, our patients' signs of short ribs and brain abnormalities are not typical for acroscyphodysplasia 17 .
Skeletal ciliopathies show a broad phenotype and genotype variability. Deleterious variants in genes coding for different ciliary components affect the function of the cilia in a similar way, leading to overlapping phenotypes and vice versa, mutations in the same gene may lead to a broad phenotypic spectrum 2,3 . For example, mutations in CEP120 can lead to JBTS, OFD 18 and severe short-rib thoracic dysplasia type 13 (SRTD13 [MIM:616300]) 19 . Our patients with phenotypic features of skeletal dysplasia and brain abnormalities, together with previously reported patients with milder phenotypes of OFD and JBTS, represent the full phenotype-spectrum of the KIAA0753-related ciliopathy syndrome.
The newborn reported by Chevrier et al. with OFD was compound heterozygous for variants c.1891A > T (p.Lys631*) and splice mutation, c.1546-3 C > A (p.Asn439Glyfs4*) in KIAA0753. Both this newborn with OFD and our patients have premature stop codons occurring before the last splice junction, and therefore they are likely to lack KIAA0753 protein due to nonsense mediated decay 20 . EBV-immortalized B lymphocytes from the OFD patient showed weakly positive staining of KIAA0753 at the centrosomes, indicating that the splice mutation leads to residual production of small amounts of normal protein 12 . Residual KIAA0753 expression may explain milder skeletal abnormalities as in OFD syndrome, compared to more severe skeletal dysplasia features in our patients. Stephen et al. reported two siblings with JBTS who were compound heterozygous for a missense variant, c.769 A > G (p.Arg257Gly) and a cryptic splice site variant, c.2359-1 G > C, leading to in-frame deletion of three amino acids in KIAA0753. Fibroblasts from these patients had normal length of the cilia, but fewer ciliated cells 14 . The reason for these patients' relatively mild phenotype is most probably because the variants also lead to some residual KIAA0753 expression. Considering the facts above, we hypothesize that the skeletal abnormalities detected in our patients are due to protein truncating variants, leading to absent KIAA0753, as confirmed by immunohistochemistry in the growth plate from the affected fetus.
In family 1, we also identified an additional homozygous missense variant, c.425 C > T (p.Thr142Met) in SLC13A5 (NM_177550), a gene located ~44 kb upstream of KIAA0753. This mutation has been reported previously to cause autosomal recessive early infantile epileptic encephalopathy 25 (EIEE25 [MIM:615905]), a condition associated with seizures, developmental disability and teeth hypoplasia 21, 22 . Extended SNP analysis from the exome data indicate that family 1 and 2 do not have a common ancestor and patient 3 did not have teeth hypoplasia or seizures. We thus conclude that the seizures and teeth hypoplasia in P1 and P2 are due to the homozygous SLC13A5 variant, while the developmental and speech delay is an overlapping feature and could be inferable to either one of the congenital conditions. The findings of two rare conditions rather than one disease with phenotypic expansion affecting these two patients, is not an unusual situation in consanguineous families or isolated populations 23, 24 .
In addition to the reports where KIAA0753 was shown to code for a centrosome and pericentriolar satellite protein with important function in the signal transduction, we showed that it is expressed in the human fetal growth plate. Absence of functional KIAA0753 leads to growth plate abnormalities mainly in the proliferative and hypertrophic zones. The cilia maintain the organization of the growth plate, where the chondrocytes form columns in the proliferative zone 25 . The disorganized growth plate in mouse models with skeletal ciliopathy leads to abnormal growth because of lack of cell polarity and/or decreased rate of chondrocyte proliferation and differentiation 26, 27 . Consistently, the growth plate structure of the fetus with KIAA0753 mutations showed abnormalities in the proliferative and hypertrophic layers of the femoral growth plate. Our results indicate that the effect that the KIAA0753 mutations have on cilia and centrosomes are sufficient to affect the growth plate organization, leading to severe postnatal short stature and bone deformities.
Zebrafish larvae with nonsense mutation in kiaa0753 presented with a curved body, a well-known hallmark of cilia defects in zebrafish 15, [28] [29] [30] [31] [32] [33] and disrupted morphogenesis of the cartilage of the head, which correlate with the skeletal phenotype in our patients.
In summary, we report severe skeletal dysplasia in four patients with deleterious variants in KIAA0753 and demonstrate expression of KIAA0753 in the growth plate of a normal human fetus. We propose that KIAA0753-related syndrome spectrum is a phenotypic continuum from lethal skeletal dysplasia and JBTS features at the most severe end, through non-lethal metaphyseal skeletal dysplasia with short ribs and OFD to JBTS only at the mildest phenotypic end of the spectrum. Our study expands the phenotypic variability of the KIAA0753-related conditions and shows the importance of using massive parallel sequencing to achieve the diagnosis in view of the genetic and phenotypic heterogeneity of ciliopathies.
Methods
Patients. These patients were selected from studies on searching for molecular causes of ultra-rare skeletal dysplasias at Karolinska Institutet, Stockholm, Sweden, RIKEN Center for Integrative Medical Sciences, Tokyo, Japan and Kasturba Medical College, Manipal University, Manipal, India. The study was performed with ethical permissions from Karolinska Institutet (2014/983-31/1, 2013/1325-31/2), Isfahan University of Medical Sciences, Iran (2014/293058), RIKEN (Yokohama H16-40) and the Kasturba Hospital, Manipal (IEC:430/2013). The parents of the affected children and fetus provided written informed consent for the study. Evaluation of the families included family history, clinical examination including skeletal surveys and pathology report of the fetus from the terminated pregnancy. All methods were carried out in accordance with the relevant guidelines and regulations and the datasets generated during the current study are available from the corresponding authors on reasonable request.
Exome sequencing and variant calling. Exome capture was performed on genomic DNA from patients and their parents as previously described 34, 35 . The DNA was processed using SureSelect Human All Exon V5 kit or SureSelectXT Human All Exon V5 kit (Agilent Technologies, Santa Clara, CA, USA). Captured DNA (paired-end reads) was sequenced on a HiSeq 2000 or 2500 instrument (Illumina Inc, San Diego, CA, USA). Reads were base called using CASAVA software (Illumina Inc,) and mapped to the human reference genome (GRCh37/hg19) using Novoalign-3.02.04 (for P1 and P2) or MOSAIK (2.2.3) 36 for P4. Duplicates were marked by Picard 1.92 and variants were called using Genome Analysis Tool Kit GATK (v2.7-4) (P1 and P2) (GATK v.3.2.0) 37 (P4) following GATK best practice guidelines for DNA sequencing data and annotated using ANNOVAR (version 2014 July 14) 38 . For P4, variants were annotated using Variant Effect Predictor (VEP) 39 and loaded into GEMINI database (v0.16.0) 40 .
Variants with minor allele frequency of 1% or higher in 1000 Genomes Project (1000 G, 2014 October version), 6500 NHLBI-GO Exome Sequencing Project (EVS) and Exome Aggregation Consortium (ExAC v0.2) were excluded. Only non-synonymous variants, indels and putative splice site variants were considered for further analysis. dbSNP138nonflagged was used to annotate known SNPs. Combined Annotation Dependent Depletion (CADD) 41 was used to score the pathogenicity of SNVs.
Segregation and haplotype analyses. The variants in KIAA0753 were amplified with polymerase chain reaction (primers and PCR conditions available on request) and Sanger sequencing was performed according to standard procedures. Haplotype analysis was analyzed as described earlier 42 . Histology and immunohistochemistry of human growth plate. Paraffin-embedded sections of the distal femoral growth plate from P4 and corresponding sections of a human control fetus (the tissues were provided from routine pathology examination of a spontaneous abortion at GA of 19 weeks and 3 days) were obtained. Deparaffinized sections were stained using hematoxylin-eosin according to standard protocols. For immunohistochemical analyses antigen retrieval with near-boiling in citrate buffer for 30 min (for KIAA0753) and pressure-cooking in citrate buffer up to approximately 110 °C (for GAPDH) was performed. After blocking with 3% normal horse serum in PBS and 0.1% Triton-X-100 for 1 h, slides were incubated with primary anti-KIAA0753 antibody (1:100; ab121736; Abcam) and anti-GAPDH antibody (1:100; 14C10; Cell Signaling) overnight at 4 °C, washed with PBS + 0.1% Tween 20, and incubated with secondary antibody (1:400; Cy3-conjugated Donkey anti-Rabbit IgG from Jackson ImmunoResearch Laboratories) for 1 h at room temperature protected from light. After counterstaining with DAPI (1:200) and mounted with Fluoroshield, fluorescent microscopy images were collected using a NikonE600 microscope with Axiovision software (Zeiss) and analysis of images was performed using ImageJ software. As a negative control, the procedure was performed as above but without the primary antibody.
Generation and maintenance of homozygous knockout kiaa0753 zebrafish. To analyse the role of Kiaa0753 in skeletal morphogenesis in zebrafish, a mutant line (sa22657) carrying a nonsense mutation in kiaa0753 was used (European Zebrafish Resource Center, EZRC). Adult zebrafish were maintained on a 14 h day/ night cycle at the Karolinska Institute zebrafish core facility. Embryos were produced via light-induced spawning and raised at 28 °C. Fish maintenance was according to standard operating procedures and with permission from the Stockholm Ethical Board for Animal Experiments (protocol number N111/13) all data collection was carried out in accordance with relevant guidelines and regulations.
Zebrafish genotyping. DNA collection from adult zebrafish was carried out by clipping a small portion of the caudal fin and extracting total DNA by incubation with proteinase K at a concentration of 0.6 mg/mL in water during 30 minutes at 55 °C, followed by 10 minutes at 80 °C. Embryo DNA extraction was performed by incubation of a portion of embryonic tissue in a solution of 50 mM NaOH during 20 minutes at 55 °C. Sanger sequencing was used to identify the genotype (PCR primers and conditions available on request).
Analysis of zebrafish skeletal morphology. Zebrafish larvae were fixed at 5 days post fertilization (dpf) in 4% paraformaldehyde (PFA, Histolab) overnight at 4 °C, rinsed in 1X PBST (phosphate buffered saline), and pigment was removed by incubation with a 3% H 2 O 2 and 4% KOH solution for 10 minutes. Alcian staining solution (0.1% Alcian blue, 1% HCl in 70% ethanol) was added and left over night followed by one wash in 100% ethanol and embryo rehydration.
